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ABSTRACT
The cracking of a brittle coating on the surface of a structure
may be used to measure the strain concentrations on the surface of that
structure. The cracks will form at a definite value and in a direction
normal to the maximum local tensile strain. Postulating that the
structure behaves elastically, strain concentration ratios between two
points are calculated from the inverse ratio of the values of load
required to produce cracking at those points. The lacquer provides a
general picture of strain conditions, while the direction of the cracks
provides a means of locating other, more exact strain gages so that
they will measure the maximum strain at that point.
Strain concentrations may be measured by use of the lacquer
developed in this investigation, within an error of :lO when careful
technique is employed. Temperature must be kept constant during both
the drying and testing, and the rate of loading should be uniform. A
skilled operator is required to recognize when a full crack pattern
has first formed in any locality.
Correction factors should be applied to correct for plastic flow
and thinness of structural sections. Without resorting to this careful
technique or using correction factors, a skilled operator should be
able to measure strain concentrations under normal laboratory con-
ditions to within an error of ±V 25%.
INTRODUCTION
Light weight is a primary requisite in many modern structures.
To build dependability along with the lighter weight, careful testing
must coordinate with designing. There are weak links in every design
which limit the whole and are not easy to find. Static tests to
destruction generally cause failure at points different from those
proving weakest in dynamic operation. The reason for this is that
plastic flow relieves stress at points of local concentration, reducing
likelihood of failure there, while under repeated loading this plastic
flow is an important source of weakness and will probably initiate fail-
ure. To locate these points of concentration it is necessary to either
test the part under repeated loading or else measure local straining
under static load by means of strain gages.
The oldest type and most generally used strain gages are those
of the type which mechanically measure the deflection between two
definite points on the surface of the specimen. The more generally
known types include the Huggenberger with mechanical leverage indicator;
the Tuckerman, indicating by means of mirrors and light beams and with
the aid of an auto-collimator telescope, giving very convenient means
of reading, especially under dynamic loading; de Forest's scratch
gage which records directly and must be measured by placing the tar-
get under a microscope; and the Sperry electromagnetically recording
strain gage. The majority of instruments of this class employ gage
lengths in the region of one-half to one inch. A few operate on gage
lengths as small as one-eighth inch.
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Of somewhat similar type are the strip gages which have a finite
gage length, usually in the neighborhood of one inch, but differ from
the previously mentioned mechanical gages in that they make contact
with the specimen at all points along the line between the end gage
marks. Provided they have the same linear calibration at all points,
localized strain patterns occuring in the region between the end gage
points will cancel, and the overall effect will be that of the end
points alone. Generally known instruments include de Forest's Ess
strip and Brush's crystal gage, both requiring electrical recording
equipment. De Forest's Ess strips, and perhaps also the Brush crystals,
are exceedingly valuable at high rates of loading, performing satis-
factorily under impact and high speed repeated loading.
All the above devices have the common faults of operating over
an appreciable gage length and of indicating strain in but one direction
at one point on the specimen. The finite gage length may make it im-
possible to measure localized stress concentrations such as occur in
sharp fillets or around small holes. The single point and direction
of each measurement means that not only must all possible points of
interest on a specimen be investigated, with the chance always that
some important ones are missed, but three or more readings must be
taken in different directions at each point in order to locate the
amount and direction of the maximum strain,- a slow and expensive
method at best on an intricate part.
A point by point method of some promise, which requires but one
reading per point, utilizes the change in the X-ray diffraction pattern
as a metal is stressed. It is understood that the area of spot may be
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reduced to a diameter of one-eighth inch, and yet obtain sufficiently
accurate results.
Models are of great aid in fundamental design problems. Photo-
elastic methods, whereby polarized light passing through a transparent
homogeneous material is utilized to indicate local stresses, are now
advanced to the point where three dimensional specimens may be ex-
amined for local surface strains. This method has the advantage that
the general stress pattern may be seen. However, it has economic
limitations of time and trouble, both in preparing specimens and in
measuring and interpreting results.
Another idea is that of making a model of a brittle material which
will fail instead of plasticly flowing and relieving stress at the
maximum local concentration point. Plaster has been used, but the
method is so rough and requires such careful handling as to preclude
serious consideration.
There is, however, a method of utilizing a brittle material to in-
dicate points of stress concentration in the actual specimen,- that of
applying a thin layer to the surface of the actual specimen,- such that
it will hold to the specimen at the same time that it fails within its
own layer. The formation and direction of the cracks can be readily
interpreted into a general picture of localized stress conditions.
Dietrich and Lehrl first published results of such a method. Later,
Vint and Cymboliste 2 likewise published a paper on the general idea.
von Ing. Otto Dietrich und Dr.-Ing. Ernst Lehr, "Das Dehnungslinien-
verfahren,'" Zeitshrift Des Vereines Deutches Ingenieure, October 8, 1932.
2 M. Albert Port Vint et Michel Cymboliste, "Procede d'Etude de la
Distribution des Efforts Elastiques dans les Pieces metals," Revue de
IIetallurgie, Vol. 4, April 1934.
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These two are the only known published results. Neither give details
of method except to say that some form of resinous materials was used.
It is conjectured that both used rosin or some similar resin, applied
with heat.
It is known from independent, unpublished work of Professor A. V.
de Forest and Professor E. S. Taylor, of the Massachusetts Institute of
Technology, that many substances may be used in a similar manner, in-
cluding sugar and sulphur as well as a number of synthetic and natural
resins. However, the heating technique is not entirely satisfactory, and
a lacquer is desired for ease of application and for better uniformity
of results.
This thesis reports the search for such a lacquer, the investigation
of the properties of the several types encountered, and the measurement
of strain concentrations by the use of one of the more practical of the
lacquers.
IOUTLIMIE OF THE PROBLEM
The search is for a homogeneous brittle coating which will ad-
here to the material under test, while at the same time it will crack
within its own layer. Cracks should form at a value of strain well
within the elastic limit of the material being tested. Breaking with
brittle fracture at every point, the cracks should form in a direction
normal to the maximum tensile strain, and should all form within as
narrow a range of strain as possible in order to reduce error. For
convenience of application, a lacquer or varnish which may be painted
at room temperature is preferable to one reatciring application at
elevated temperatures. The coating must crack within the same range
of strain over a fairly wide variation in thickness after a reasonable
time of drying, for in practice no known method of application will
produce a perfectly uniform coat.
Among the features which would be desirable are a temperature
sensitivity low enough so as to work at the temperatures occurring in
the actual use of the materials and parts being tested and a hardness
which would prevent appreciable plastic flow under strain. No form-
ulation of materials is known which can satisfy all of the above require-
ments. The best field for the basic materials seems to be the or-
ganic resins, which were used exclusively in the formulations investigated.
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II
TESTING OF BRITTLE RESIN LACQUERS
The cracking of a resin coat is a sensitive property influenced
by many variables. The more important of these have been sufficiently
investigated in this research to outline broadly the precautions
necessary to insure reasonable uniformity of results when the lacquer
is used to measure stress distributions. The important, semi-
independent variables include composition, thickness of coat, tempera-
ture during drying and during test, time of drying, and rate of load-
ing. Extraneous factors include humidity during drying, and the
presence of water and oil during the test.
A dependent variable which appears in much of the discussion is
the "percentage area cracked," which is an arbitrary figure derived
after observing the effects of steadily increasing load on a number of
uniformly loaded test strips of 3/4" x 12" surface. In the series of
pictures of Figure 1, it is noticed that initial cracking occurs with
irregular distribution over the entire area. As the load is increased,
more cracks form, filling in the blank areas until at a loadusually
about double that at which the first crack formed,a uniform pattern of
cracks covers the entire surface. This is arbitrarily designated as
100% area cracked, and lower percentages are eye estimates of the pro-
portion of the number of cracks necessary to form this regular pattern.
The number of cracks may be increased beyond this arbitrary 100% value,
but that phase of the cracking phenomena has received little consider-
ation as it is felt to be of minor importance.
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1 20% 50% 95% 100%
.0005 .0006 .0007 .0009 .0010
Upper figures are "Percent Area Cracked."
Lower figures are strain in specimen.
Figure 1 - Percent Area Cracked
-8-
The results of tests separately involving each of the variables
mentioned in the foregoing paragraphs will be considered in more de-
tail in the following sections. Particular emphasis will be placed
on the behavior of the #229 type lacquer which is considered the most
generally successful formulation.
Composition
A lacquer consists of a resin, a solvent, and a plasticizer,
usually cold cut. The resin is the body of the dried coat, the sol-
vent is merely the vehicle for applying the coating and should evapo-
rate off. The plasticizer is a non-volatile liquid which remains in
the finished coat and supplies sufficient plasticity to the resin to
prevent indiscriminate crazing.
Resins are obtainable with a wide variety of plastic properties.
First formulations of this research contained no plasticizer. Single
resins and then double and triple combinations of sufficient plasticity
were tried in an attempt to obtain a sensitive, uniformly cracking coat
which would not craze without the application of strain, but would re-
tain the cracks when they were once formed. This method of attack was
abandoned when it was discovered that all these formulations without
plasticizer had high correlation with the thickness of the coat. When
a plasticizer was added, it was necessary to go to extremely brittle
resins, such as limed K Wood Rosin in order to maintain sensitivity.
This combination forms the basis for the formulations of the #229 type
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which are quite independent of correlation with thickness.
Successful solvents for these brittle lacquers must have a combina-
tion of characteristics. They must dissolve the resin and the plasti-
cizer, must evaporate rapidly without forming bubbles, and must not
dissolve moisture from the air. Many solvents, singly and in combina-
tions, have been tried, and none have been found that possess the ex-
cellent qualities of carbon disulphide. For every requirement this sol-
vent ranks first. Unfortunately it is a dangerous chemical to handle,
being extremely inflammable and also toxic if breathed in too large
quantities. However, no trouble has occurred during the course of this
investigation, and it is believed will not in the future if reasonable
precautions are maintained.
The chief requirements of a plasticizer are that it have a very
low evaporation rate, and that it be compatible with the lacquer, both
liquid and in the finished coat. Butyl Phthalate seems to be quite
satisfactory. Amount of plasticizer rather than composition is critical;
a variation of 5d of the total amount of plasticizer noticeably in-
fluences the stress at which cracks form as well as the ability to hold
the cracks open after once being formed.
Thickness of Coat
A practical lacquer should be reasonably independent of thickness
since it is hard to imagine applying an absolutely uniform coat by any
known method.
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The first formulations which employed no plasticizer had a direct
correlation of thickness of coat with strain necessary to form cracks.
Figure 2 shows the uniformity of correlations regardless of resin or
combination of resins. Figure 3, showing the drying time data on one
of the lacquers of Figure 2, gives good evidence that the thickness
correlation is a function of solvent evaporation, presumably drying
proportionately slower from the thicker sections.
To avoid this thickness correlation another line of attack was
attempted which proved successful; that is, the use of as brittle a
resin as could be found with the addition of a plasticizer to prevent
the formation of spontaneous craze cracks. Lack of correlation is in-
dicated by the broad, erratic plots of strain to crack vs. thickness of
coat of Figure 4. Included in the plot is one of a typical hot applied
resin, showing similar lack of correlation with thickness, thus proving
it was the unequal solvent retention in the unplasticized coats rather
than the lack of the plasticizer which gave the first formulations such
decided dependence on thickness.
With thickness correlation put into the background "per cent area
crackedi becomes the major deterent factor. This term is defined in
the second paragraph of Section II. It was a factor in the first formu-
lations, but was obscured by the major trouble over the thickness of the
coat. Not much success has attended efforts to narrow the proportional
range between strains required to form the first crack and the full
pattern of cracks, except some improvement by careful filtering of the
lacquer, and by certain temperature manipulations which will be ex-
plained under that heading.
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In a fully cracked area, one of the most striking features is the
spacing of the cracks. It was at first hoped that the density of
cracks would be a clearly defined function of the strain concentration
at that point. This is but very roughly true. Until the strain at
least doubles that at which the fully cracked pattern first formed, no
more will form.
Within this first fully cracked pattern there are often seen large
variations in the spacing of the cracks. This, however, is found to
be due to a similar variation in thickness of the lacquer coat. The
correlation is linear, the spacing of the cracks being approximately
five times the thickness of the lacquer.
Temperature
Two temperatures are important,- drying and test. For dependable
results, a constant drying and test temperature is best. The absolute
value of this constant temperature is secondary to the need for keep-
ing it within a narrow range. Figure 5 shows the marked change in
external loading strain necessary to form cracks as the test tempera-
ture is shifted from the temperature at which the lacquer dried.
This variation may be successfully employed to sensitize the dried
coating, by lowering the test temperature below the drying temperature.
Internal tensile stresses are built up in the lacquer and add their
effect to those induced by the external strains. Care must be exercised
that the test temperature is not dropped too far below the drying temper-
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Figure 5.- Variation of Sensitivity with Test Temperature,
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ature, or spontaneous crazing will result from the excessive internal
stresses.
A disadvantage of sensitizing the lacquer by dropping the test
temperature is a loss in accuracy resulting from the greater proportion-
al spread of external loads at which the first crack and the final full
crack pattern form. Conversely, raising the test temperature de-
sensitizes the lacquer, while at the same time increases the accuracy
of crack formation as measured by the external loading.
Time of Drying
Fifteen seconds after applying the lacquer, a dust free surface
is formed; fifteen minutes allows handling. Yet marked changes in the
amount of external strain required to form cracks continue for a
period of about twelve hours in the #229 type plasticized lacquers and
for some weeks in the unplasticized lacquers. Figure 3 shows the
effect of drying time of an unplasticized lacquer upon the correlation
of thickness with external strain required for cracking, while Figure 6
shows similar results for a #229 plasticized lacquer.
These two charts illustrate the major advantage of the #229 type
lacquer. They indicate that the plasticized lacquer has reached stable
conditions of maximum sensitivity and independency of thickness twelve
hours after application. This favorable condition is maintained with
little change for an indefinite period, while the unplasticized lacquer
continues to change over a long period, not reaching a practical degree
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of independence to thickness until after some weeks of drying.
Tests can be run with the plasticized lacquer after drying as
little as a half hour if a thin coat of uniform section is applied.
However, sections of different thickness have different rates of drying,
the thin drying first. Any variation of thickness will be reflected as
a variation in sensitivity, until sufficient drying time has allowed
all sections present to pass their sensitive drying periods. For usual
thickness present, this is approximately twelve hours at 720F.
Rate of Loading
In spite of the fact that the lacquer coatings are exceedingly
brittle, they will flow plastically under stress at a sufficient rate
to require that a correction factor be applied for the most accurate
work. Testing the #229, plasticized lacquer at several rates of load-
ing produced the curve of Figure 7. The unfortunate fact is that the pro-
portional relief of stress due to plastic flow varies most rapidly in the
region of rates of loading that are ordinarily used.
Investigation in the range of very rapid rates of loading, such as
obtain in vibratory straining, showed no departure from what might be
predicted at the left end of the curve of Figure 7. Impact and high
speed rotating beam tests gave normal cracking. At 12,000 rpm, sudden
load.ing of the specimen produced normal cracking, but within ten seconds
all cracks had disappeared; the reason being the hysterisis heating of
the lacquer could not be dissipated rapidly enough at that high speed
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and soon heated the coating sufficiently to close the cracks.
At speeds of 3000 rpm and slower, very few cracks had closed
after the specimen had been running for an appreciable length of time.
Extraneous Factors
No efforts have been made to control humidity during these tests,
and no direct evaluation of its effect has been attempted. Two reasons
for this omission are first, lack of time to set up suitable testing
equipment and apparatus for maintaining constant values of humidity,
and second, work on pure resin films by Jones and Miles1 indicated no
definite variance of strain at failure with humidity as long as con-
ditions remained reasonably within the extremes of absolute dryness and
saturation.
Water immersion appears to have a negligible effect u=on the strain
sensitivity. A test strip, after drying twenty-four hours, was im-
mersed in water twenty minutes before testing. Cracking appeared to
be the same as on a similar specimen not immersed in water.
Oil immersion, on the contrary, had quite a sensitizing effect.
A specimen similar to the one immersed in water was immersed in oil
for forty minutes and then tested. A full crack pattern was produced
with but two-thirds of the strain required on the dry specimen. Further,
1 1 Jones and Miles, "Tensile Strength of Nitro-Cellulose Films," Soc.
Chem. Ind. Jour., 52:251T, August 18, 1933.
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the cracking proceeded in a different manner from that on the dry
specimen. Many lines continued to form after the first application
of a load. Each line first broke clean, as could be seen by its
brilliant light reflection, and then immediately dimmed as it filled
with oil. Release of load and even putting compression on the coating
would not then close the cracks.
A reasonable explanation of the action of the oil is that it is
soluble in the resin coating, penetrates into the outer surface,
softens and weakens the outer surface, and starts a crack in the
softest layer on the outside of the coat. A crack started at the
very surface will immediately propagate down and form a full crack.
Water is practically insoluble in the coating and therefore does not ex-
hibit any sensitizing action.
-22-
III
DISCUSSIONT
In the preceding section, the reaction of the lacquer coatings
to several tests and parameters of tests has been described. They
have of necessity been rather sketchy. However, it is believed that
sufficient data has been found to show the outlines of the general
picture in its several aspects. In this next section an attempt will
be made to evaluate and explain the reactions of the lacquers to these
tests in the hope of gaining further understanding in the fundamentals
of the action of the lacquer.
Mechanism of Crack Formation
Each crack is in effect an ultimate tensile test of the resin
coating. Being dependent upon the straining of the specimen, the ia-
portant result is the strain at failure, the per cent elongation. Ac-
curate data is extremely sparse in the range in which these coatings
operate through a lack of economic need for such data. None could be
found on the resins and lacquer combinations used in these coatings.
The nearest approach is some figures on rosin given by R. Houwink.
1
These show failure in the neighborhood of .0025 strain. The limed
Wood K Rosin used in this investigation is brittler, failing in the
1 Houwink, R., Physikalische Eigenschaften und Feinbau von Natur-
und Kunstharzen, Akademische Verlagsgesellschaft, Leipzig, Germany,
1934. M.B.H.
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plasticized coating as shown in the preceding section at values of
strain between .006 and .0012.
This variation of strain at failure between the first and full
area cracked is an aggravating source of error which would be extremely
desirable to reduce. Careful filtering of the lacquer gave some im-
provement over results which were formerly worse than those quoted
above, but these appear to be the limit. The question arises whether
it is possible to obtain a resin of sufficient homogeneity to fail
generally within a narrow range of strain. There are several dis-
couraging answers. Jones and Miles1 carried out an extremely careful
investigation on free nitro-cellulose films and obtained a spread of
results of the order of five to one. So poor were individual results,
despite all attempts to control them, that they were forced to make
many similar tests and plot distribution charts from which to draw con-
clusions.
R. Houwink2 states that resins (as with other glassy materials)
fail at values of the order of one-hundredth their potential strength.
He postulates the existence of ,lockerstellen," points of stress con-
centration distributed in haphazard formation throughout the mass which
initiate failure at low fractions of the potential ultimate value.
Proof of some such action is seen in the high strengths of finely drawn
threads of glass where it is suggested that the "lockerstellen" become
arranged in a formation of least action in the longitudinal direction,
similar to the longitudinal arrangement of slag inclusions in wrought iron.
1 1 Jones and Miles, Op. Cit.
2 Houwink, Op. Cit.
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In the light of such work the two to one strain ratio of full
area to first crack formation obtained with these coatings appears as
satisfactory as could be expected and throws doubt upon possible im-
provement.
Spacing of Cracks
The first crack to form in a strained area partially relieves the
strain in the coating on each side of the crack. Starting from zero
on the edge of the crack, the strain rapidly builds up in the adjacent
area until at a distance about five times the thickness of the lacquer
coating the surface of the lacquer is again under normal strain. It
is at this point that the next adjacent crack will form and in the
initial full crack pattern the spacing will be found to be five times
the local thickness.
This is good evidence that the cracks do not start at the material-
lacquer surface of the coating. Postulating no spalling of the coating
from the material, the strain is uniform in the coating surface at the
metal boundary regardless of adjacent crack formation and, if cracking
was to commence here, spacing of cracks would be more haphazard than
does occur. It seems likely that cracks would not initiate in the cen-
ter of the coating. Therefore it is reasonable that they form at the
free surface.
It is theoretically postulated that after a full crack pattern has
formed, about half the strain in the coating is relieved. Further load-
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ing will continue to increase the strain in the uncracked section of
coating between two adjacent cracks, until at about twice the load at
which the first cracks formed, more will form in between them, halving
the normal crack spacing. Actually, spalling of the coating away from
the surface of the structure may start at the edges of the initial cracks
before an intermediate crack is formed and interfere with clear crack
formation. Such spalling, however, may be recognized, and is a rough
indicator of heavily strained areas.
Width of Cracks
Cracks form V-shaped, the lower surface of the lacquer closing
the bottom of the vee by adhering completely to the upper surface of
the coated material. The upper body of the lacquer coat moves to
assume an equilibrium position which means it will relieve as much
stress as possible by shrinking together between cracks. It is limited
from completely relieving all stress by the forced straining of the
lower surface. Just how much of the stress in the upper surface is
relieved is not known exactly, but is believed to be about half for
the normal crack spacing of five times the thickness,
The width of the crack can be calculated from the strain in the
coating, the amount relieved by the crack and the spacing of the lines.
This computation has been checked by measuring the strain, composed of
the known external and estimated internal strains, at which very finely
spaced lines could be first seen, although the cracks had evidently
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formed at a lower value of strain. The reason finely divided cracks
can not be seen at times,is that when a crack becomes narrower than a
quarter of a wavelength of the yellow light which is transmitted by
the lacquer,- that is, five-millionths of an inch,- light reflections
from the two faces cancel and form the dark spot in the center of the
so-called Newton Ring Pattern. For instance, lines forming 200 per
inch, at a strain of .0010 can be seen to appear as a dim hazy fuzz
at a strain of about .0015, gradually increasing in brilliance until
at a strain of about .0018 they appear normal, although not as brilliant
as the more widely spaced cracks. From this data computations of
crack width are: .0020 strain times 510 relieved divided by spacing
of 200 per inch comes out .000005". This narrow width associated with
close spacing dictates the minimumn thickness of lacquer coat in which
cracks can be seen when formed. For the #229 lacquer cracking at
.0010 strain, minimum practical thickness is about .0015".
Internal Strain
Total strain affecting the cracking of the lacquer coat may be
divided for purposes of discussion into external strain, derived from
the external loading of the lacquered specimen, and internal strain,
created by both evaporation of the solvent and by temperature changes.
Cracks formed under external strain, whether internal strain is
present or not, are regular in pattern, while those which form un-
der internal strain alone are erratic in pattern.
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Internal straining of the coat occurs during drying, when the
evaporation of the solvent forces the remaining coating to occupy
an additional space equivalent to two-thirds of the space formerly
occupied by the solvent. 1 In the early stages of drying, enough sol-
vent is yet in the lacquer to enable it to flow readily. But soon the
viscosity rises sufficiently to cause the plastic flow of the coat to
lag behind the evaporation of the solvent and build -p internal strain.
A maximum internal strain is developed at about one to four hours
during the normal drying period. Thereafter the rate of evaporation,
continuously falling off as less solvent remains, decreases at a faster
rate than the viscosity of the coat rises, allowing the internal strain
to fall to a low value with a twenty hour dry.
Internal strains in general will develop when the temperature of
the coated specimen is changed. Figure 5 shows the variation of ex-
ternal strain required to form cracks when the lacquer is painted on
steel. The total strain required to crack the coat varies but little
over this small temperature range. Therefore, the large variation of
external strain must be due to changes in the internal strain caused by
the different coefficients of expansion of the resin coating and the
steel base.
The coefficient of expansion of steel is .000012 per degree
Centigrade, while that of the resin is approximately .00012. Thus,
for the combination of resin coat on steel, a strain will develop in
the resin coat of .00012 - .000012 = .00011 per degree Centigrade.
1
Two-thirds instead of the whole space is assumed because the resin
coating is restrained in only two dimensions leaving the third free to
reach equilibrium.
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This checks with the actual variation shown in Figure 5. The resin,
straining at a greater rate than the steel, will acquire compressive
internal strain when the temperature of the combination is raised and
tensile internal strain when the temperature is lowered. This
mechanism may be utilized to sensitize the resin coating by lowering
the test temperature below that maintained during drying. If lowered
quickly and too far,-about four or five degrees Centigrade,-for the
#229 lacquer, indiscriminate crazing of the coating will result.
The variation of internal strain with temperature will, of course,
depend upon the coefficient of expansion of the material that is
coated. Aluminum, with a coefficient three times greater than steel,
will develop a variation of internal strain with temperature of about
.00012 - .000026 = .00009 per degree Centigrade, about 80o of the
variation that occurs with steel.
Internal strain is responsible for the holding open of the cracks
after the load is released. If no internal tension exists, or if in-
ternal compression is present before applying the loads, the lacquer
wrill flow under load enough to cause the cracks to close upon release
of the load. Sufficient internal tension should be present before
starting the test if it is desired to retain the cracks. This con-
dition normally exists in a lacquer coat dried at constant temper-
ature)due to the drying strains.
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Plastic Flow
A fundamental variable which is hard to avoid is plastic flow.
It is plastic flow which enables a lacquer to relieve the internal
strain, developed as the solvent evaporates, or as a hot-applied resin
cools to room temperature. However, it is plastic flow which causes
the variation in sensitivity with rate of loading as shown in Figure 7.
Since rates of loading vary directly as the strain concentrations, it
is necessary to correct the computed stress concentration ratios for
the time taken to strain each area until a full crack pattern appears
in order to eliminate the effects of plastic flow. This correction
factor may be computed from the experimental Rate of Loading curve of
Figure 7. Calling the total strain 5, at the time T of formation of
full crack pattern, and T', the strain for full crack pattern in zero
time, the correction factor C, by which the load at time T should be
corrected back to zero time of loading, is:
C -9
S (at time T)
So many variables enter into the plastic flow problem that it
seems best to paint two or more straight tension strips at the same
time the structure that is to be analyzed is painted, subject these
strips to the same conditions as the structure and test them at differ-
ent rates of loading. If the general shape of the rate of loading
curve is known, two test strips at different rates of loading should
suffice to determine all correction factors. The general expression
for plastic flow may be derived to a good approximation as follows:
-30-
$5'
T
Assuming ideal fluid, plastic flow is:
L -,a, = Z. '.5 '61t
Solution, for full crack pattern:
2.
The correction factor C can be derived in terms of k' and T:
C-
By means of this expression, curves of C against T have been plotted
for the parameter kv in Figure 8.
ki can be evaluated from the two tests at different rates of loading,
measuring Sl T1 an d S2 , T2
TI
_ _ -__ _'_-_ _ _"
,, z(--,-g'
k' r plastic flow constant
k" - rate of external strain-
ing constant
k"'- rate of total straining
constant
ý;, -r.- - ýýT,
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Another phase of plastic flow is susceptible to similar mathe-
matical treatment,- the relief of internal strain by time. If the
temperature of a coated specimen is suddenly shifted, or if a resin
coat is applied with heat, internal strains are developed as shown in
the preceding section. But plastic flow immediately sets in to relieve
these strains. The nature of this relief can be expressed in terms of
the same plastic flow constant k', the initial T"' , and the time T' for
the internal strain to reduce to .0001 as follows:
r
S'
'01
k' 5 vlastic flow
constant
t T I
Assuming ideal fluid, plastic flow:
- d s"'= 5'"d
Solution:
- S"
I%,1
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This expression has been plotted as S against T' for the parameter
k' in Figure 9. The constant k' is obtained by the experimental method
suggested for evaluation of the correction factor C. The initial internal
strain is computed from the temperature shift as explained in the section
on internal strain.
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Influence of Coating on Properties of the Structure
The lacquer coat has finite thickness and strength. The question
is how much does the lacquer change the physical properties of thin
sections. Both coating and structure are subjected to the same strain.
Stress in each is the product of its modulus of elasticity by this
common strain. Thus the ratio of the stress in each is the ratio of
their respective moduli of elasticity. The modulus of the resin coat
is low,- Houwink1 gives 260 kg/mm2 for rosin; steel is 2.2 x 103 kg/mm2 ;
aluminum is .7 x 103 kg/mm2 . Thus the ratio of stress in the coating
to that in steel is 260 085 and .255 in aluminum. In order that
2200 -
a resin coat .00511 thick take 5% or more of the load carried in the
100
steel, the steel section must be thinner than .005 x .085 x -- .008",
aluminum thinner than .025". These results show that the average lacquer
coat may be entirely neglected in its action on sections thicker than
those computed as above.
Influence of Structure on Action of Coating
In areas under simple tension, the only influence of the structure
on the action of the coating is that thin sections of the structure will
have their local strain reduced by the amount carried by the coating,
as computed in the preceding section. The total load required to strain
a coated thin section to a full crack formation will rise above that for
1 Houwink, Cp. it.
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the structure alone, but in an indeterminate amount, since the cracking
of the coat discharges an unknown amount of its load back onto the
structure. The question is a fine one, and there seems little likeli-
hood of its being raised on sections thicker than .003" in steel or
'I
.016in aluminum.
Bending and torsion cause more trouble than straight tension because
the surface of the coating is a greater distance away from the neutral
axis than the surface of the structure. The amount of the total stress
load carried in the coating can be neglected in this discussion. Strain
in bending and torsion is in proportion to the distance away from the
neutral axis. With, r, as the distance from the neutral axis to the sur-
face of the structure and, t, the thickness of the coating, strain on
the coating is increased in the ration of r4t . This means that with
r
t = .005", a five per cent error in the value of the strain on the sur-
face of the structure when a full crack pattern obtains, is reached when
r is .10.
A correction factor to be applied to the loads at which full crack
pattern appears on thin sections, in pure bending or torsion, will be
K = r+t . Values of K are plotted against r with t as a parameter in
r .
Figure 10.
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IV
DESCRIPTION OF APPARATUS
It is thought that the best all-round test of the action of the
lacquers is a uniform tensile strain over a large enough area to con-
tain around a thousand cracks in the fully developed pattern. Strips
of annealed spring steel 12 x 3/4 x .006" prove quite satisfactory
after 1/4" pin connections were fitted for the ends as seen in Figure 1.
In place of the ends of the test specimens the pin connection jigs
were placed in the jaw grips of a conventional tensile testing machine
and loaded by hand while watching the crack formation. Before making
these special end connections, it was found impossible to obtain uni-
form loading by the conventional jaw grips.
Bending and other forms of strain loading were considered, but none
produce as sure a calibration strain as simple tension. In the bending
of thin strips, the thickness of the lacquer coat enters to alter the
strain imposed on the outer surface of the lacquer coat and introduces
an unnecessary complication. In addition, unless carefully designed, a
bending jig is liable to introduce strain concentrations.
The high speed tests were performed on 3/16" round bars of drill
rod rotating in a high speed fatigue testing machine. The specimens
were held in jaws, one in the head of the motor, the other in the end
of a cantilever extension through which the rotating beam was loaded.
Loading was by means of the scale beam across the top of the machine,
transmitting its load to the rotating cantilever beam through the ball
bearing on the extremity of the rotating beam. Difficulties encountered
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with this machine were the transmission of heat to the specimen rod
from the motor head bearing and misalignment of the cantilever beam.
The misalignment was quite annoying and could not be entirely eliminated,
apparently coming from the fundamental misalignment of the jaws holding
the specimen.
Temperature control during all tests was merely that of the large
testing room, open to the rest of the building through doorways in each
end. Consequently the constancy of temperature was never that which
would be desired for the best control of the lacquer. Variation of
temperature was accomplished by resetting the radiator temperature
controls for the room or by judiciously opening windows.
Application of the lacquer was mainly by brush, painting a single
stroke over the whole of the test specimen, a second over three quarters,
a third over half, and a fourth over a fourth, giving sufficient thick-
ness variation to cover most values of thickness likely to occur in nor-
mal use where, of course, the attempt is made to keep the thickness as
constant as possible. A few specimens were dipped, but the small
quantity ordinarily prepared in a test tube of each new formulation
precluded using this method generally. Spraying was not attempted,
although this technique offers possibilities of securing the most uniform
thickness.
Formulation was done in the chemical laboratories of Professor A.A.
Mlorton, utilizing the usual assortment of test tubes, filters, and asso-
ciated bench apparatus. The most suitable formulation developed for
this work is 100 grams of 6% limed K Wood Rosin, cut in 125 grams of
carbon disulphide, filtered, and 5 grams of butyl-phthalate added.
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V
APPLICATIONS OF THE LACQUER
The #229 type lacquer has proved to be a suitable medium for
measuring strain concentrations when used under controlled conditions.
The general method of use is to assume that all parts of the specimen
under test are operating within the elastic range and are therefore
straining proportionally to the external loading. Starting from zero
load, the external load is increased until a full crack pattern appears
in some locality, a diagram or picture is made of the crack formation,
the value of the external load and the time since the loading was
started is measured as well as the temperature, which should be con-
stant throughout drying and testing. The external loading is further
increased until other areas show a full crack pattern when similar
notes are again made. This process is continued until the general area
has been fully cracked.
Stress concentration ratios between various points are computed
as the reciprocal of the external loads, corrected for plastic flow,
at which full crack patterns formed on these points. Correction for
plastic flow is made by applying the data on the time required to form
the cracks to the graph of Figure 8. Each value of load for full area
cracked is multiplied by the factor given for the time required to
reach full crack pattern, thus correcting all the data back to values
which would have been obtained had the whole test been run off in
zero time.
A point of fundamental interest is that the direction of the
cracks, normal to the maximum tensile strain is quite accurate, much
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more so than the value of strain at which a crack will form. This
provides an accurate means of locating point by point type strain
gages so as to insure that they read the maximum strain.
An always interesting case of strain concentration and one which
is well knovm both theoretically and actually is that around holes in
a strip of finite width. Figure 11 shows the important stages in the
measurement of strain concentrations about three holes in a test strip,
1/8", 3/16", and 1/4" in diameter in a 3/4" wide strip. In Figure lla,
quick loading has produced the first crack beside the 1/4" hole at a
total load on the strip of 470 lb., with a negligible elapsed time.
Figure llb shows the first cracking at a load of 640 lb. beside the
3/16" holes after an elapsed time of 2 minutes. Correcting the load for
plastic flow to zero time of application by Figure 8 gives a corrected
load of 520 lb. Figure llc shows the first cracking beside the 1/8"
hole at 950 lb., after four minutes elapsed time, which corrects back
to 680 lb. Lastly, Figure lld shows a full crack pattern on the open
area of the strip between the holes, formed at a total load of 3000 lb.
after 10 minutes from the start of the test, correcting to 2000 lb.
Strain concentrations at the sides of the holes obtained by the ratios
of the loads as corrected for plastic flow give 4.2 for the 1/4" hole,
3.8 for the 3/16" hole, and 2.9 for the 1/8" hole. Theory of elasticity
gives theoretical stress concentrations of 4.0, 3.6, and 3.21. Assuming
the actual conditions of the hole and plate satisfied the theoretical
consideration, the errors of the lacquer were in the range of1l0%.
1 1 Howland, R.C.J., Phil. Trans. Roy. Soc., London, A, vol. 229,
p. 49, 1930.
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a b c d
470# 520# 680# 2000#
See text for strain concentration values.
Figures are loads, corrected for plastic flow.
Figure 11 - Strain Concentration at Sides of Holes.
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A spectacular test was that shown in Figure 12. Lacquer was
painted on the outside surface of a flat stainless steel sheet, shot-
welded to a corrugated section of similar material. The entire section
was tested in a rig designed to produce pure shear in the section.
Cracks formed in the lacquer normal to the 450 maximum tensile com-
ponent of strain. Pictures were taken with a 35 mm. movie camera,
these prints being made from the movie negative. 16,000 lb. load pro-
duced a few scattered cracks; 20,000 lb. produced the first fully
cracked patterns over several of the shotwelds. Not until 30,000 lb.
did the general area between the shotwelds become fully cracked, in-
dicating a strain concentration of 15Y0 over the shotwelds. Of interest
is the "shadow" on two sides of many of the shotwelded areas, in-
dicating sub-normal straining. This is a general phenomena near strain
concentrations. It may be seen on the straight tension strip with
holes, shadow areas, elliptical in shape, above and below each hole.
Another test is that of fillets for marine propeller blades.
Figure 13 shows views of a normal fillet and a constant stress fillet
efter each had finished its test. Some idea of the stress concentration
can be gained by estimating the crack spacing. During the running of
the test the normal fillet showed full crack pattern at the base of
the fillet at 1000 lb. and full pattern out on the blade at 1600 lb.
The constant stress fillet formed crack patterns practically uniformly
over the entire fillet and lower blade area, producing a full crack
pattern at 1600 lb. If anything, there was slightly more strain out
on the blade section.
The cracks resulting from a very rough and hurried test on a vi-
brating aircraft aluminum propeller blade are shown in Figure 14. The
-44-
16000# 20000# 24000#
30000# 34000o
Corrugated Side, 34000#
Loads indicated are total on the machine.
Figure 12 - Strain Concentrations on Shotwelded Section in Shear.
28000o
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Figure 13 - Strain Concentration
in Fillet of a Marine Propeller Blade
Figure 14 - Strain Concentration on
Aircraft Propeller Blade from Vibration in Second Mode.
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propeller was vibrating in the second mode and indicates maximum strain
by the cracks in the lacquer, at a section about one quarter of the
length in from the tip. This is the section where propeller blades
usually break off. No definite results were attempted on this test
except to prove that the lacquer will work under vibratory loading.
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VI
CONCLUSIONS
The #229, plasticized type of lacquer developed during this in-
vestigation proves to be a practical strain-indicating device, with a
gage length of the order of one-hundredth of an inch. It is, however,
not foolproof. The range of strain over which cracks will form is in
the neighborhood of two to one. In order to obtain reasonable accuracy,
the operator must acquire a sense of "feel" as to when an area has first
reached its full crack pattern. Temperature and rate of loading must
be controlled and plastic flow requires correction for accurate results.
With the use of the control and correction factors described in this
thesis, accuracy to within 0lO% can be achieved. For ordinary use with
reasonable care, but without application of correction factors, an ac-
curacy withint±254 is feasible.
There are possibilities of developing a more foolproof lacquer or
varnish. Whether the resin, plasticizer and solvent type of lacquer
can be much improved is problematical. There exists a definite compro-
mise between sensitivity, plastic flow, and rate of drying. Rapid dry-
ing is essential to obtain a coating which will crack independent of
thickness. The resulting drying strains require sufficient strength to
resist crazing and high enough plasticity to prevent the building up of
excessive strain. A more sensitive coating obtained with a weaker resin
would require increased plasticity and would have greater plastic flow
troubles. A slower drying solvent would enable increased sensitivity to
be obtained without aggravating the plastic flow troubles, but would re-
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quire prolonged drying times of days or weeks to avoid thickness correla-
tion with sensitivity.
A way of avoiding drying strain troubles would be to develop a suit-
able varnish which would harden by chemical action of its constituents
with the air, rather than by evaporation of a solvent. Another possi-
bility is that of obtaining a combination of solvents which would evapo-
rate at such a rate as to maintain a constant internal strain throughout
the entire drying time, instead of reaching a maximum at one time and
then gradually tapering off. A combination of controlled time-temperature
changes during drying might be practical. Less plasticizer is required
at the higher drying temperatures since the resin rapidly increases its
plasticity with rising temperature. Time-temperature control is needed
to bring the coated structure down to the test temperature without causing
excessive internal strains. Another method of sensitizing the coating is
by softening the surface with a soluble plasticizer, but little is known
of the degree of control necessary in using such a process. These and
many other phases of the general problem are profitable subjects for
future investigation.
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APPENDIX I
Table 1
Properties of Films
Thermal Coefficient of Expansion
Film Forming Material
Alkali-refined linseed oil film
Bodied linseed oil film
Typical spar varnish film
Cellulose Acetate film
(unplastici zed)
Typical oil-modified glyceryl
phthalate film
Typical pyroxylin lacquer film
Aluminum
Steel
Coef. of Expan. per 0 C
(x 10- 4 )
Measured at 0 humidity, 10 to 55 C.1
1.6 -
1.6 -
1.7 -
0.9
0.9
0.8
0.3 - 0.4
1.7 -
1.3-
0.5
0.9
.25
.11
1
Hunt and Lansing, Industrial and Engineering Chemistry,
Vol. XXVII, p. 26.
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Table 2
Physical Properties of Resins
Softening Modulus of
Temperature Elasticity
°o lb./sq.in.
Coef. of
Expension
pe¶- C
x 10 - 5
Phenol-Formaldehyde
Phenol-Formaldehyde
(Resol)
Glyptal
Polystyrol
Vinyl (polymerized)
Cumarine
Rosin
Damar
Shellac
1.1-1.3
1.0-1.1
1.05
1.23
1.09
1.03-1.05
1.09-1.14
9-1223-27
48
430,000
370,000
320,000
200,000
8,500,000
Glass 2.5 500-700 15,000,000 .6-.9
Aluminun 2.7 - 10,000,000 2.6
Iron 7.9 - 32,000,000 1.2
Resin Specific
Gravity
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Table 3
Solvents
I
Solvent Evap. Per. Boiling Pt.-°C Spec. Gray.
Carbon Disulphide .9 46 1.29
Ethyl Ether 1 35 .72
Chloroform 1.5 61 1.50
Methylene Dichloride 1.8 42 1.35
Methyl Acetate 2 55 .93
Acetone 2.1 55 .79
Carbon Tetrachloride 2.2 76 1.60
Ethyl Acetate 3 75 .91
Benzol 3 80 .88
Ethylene Dichloride 4.1 83 1.25
Iso-propyl Acetate 4.2 88
Toluol 6.1 110 .87
N-Propyl Acetate 6.1 99
Methyl-Ethyl Ketone 6.3 .81
Methyl Alcohol 6.3 65 .80
Ethyl Alcohol 2% Toluol 8.3 78 .80
Ethyl Propionate 9
N-Propyl Alcohol 11.1 97
Butyl Acetate 12 124
Amyl Acetate 13 137
Xylol 13.5 138 .86
Iso-Butyl Acetate 15
Iso-propyl Alcohol 21 80 .79
Iso-butyl Alcohol 24 105
N-Butyl Alcohol 33 116 .81
Amyl Alcohol` 62 129 .82
Amyl Acetate 63 155 .87
Propyl Butyrate 73
Ethyl Lactate 80
Ethyl Butyrate 80
Diacetone Alcohol 200 160
Butyl Lactate 443 180
Benzyl Alcohol 1800 206
-------------------------------------------------------------
Diluents
Diluent Soec. Gray. Boiling Pt.- oC
Pet. Ether .64 40-60
Ligroin or Benzine .68 60-120
Varnish Makers Naptha .73 100-160
Durrans, T.H., Solvents, Van Nostrand Company, New York, 1933.
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Table 3 (Continued)
Solvents
Azeotropic mixtures - by weight
Benzene
Benzene
Cyclohexane
Methyl Alcohol
Methyl Alcohol
Methyl Alcohol
Methyl Alcohol
Methyl Alcohol
Methyl Alcohol
Ethyl Alcohol
Iso-propyl Alcohol
Methyl-Ethyl Ketone
Acetone
Methyl-Ethyl Ketone
Methyl-Ethyl Ketone
Methyl Acetate
Miethyl Acetate
Methyl Acetate
Ethyl Acetate
Carbon Tetrachloride
60%
68%
63%
15%
19%
27%
16%
47%
14%
9%
8%
60%
34%
34%
86%
81%
3%
79%
Methyl Alcohol
Ethyl Alcohol
Methyl Alcohol
Acetone
Methyl Acetate
N-Hexane
Ethyl Formate
Ethyl Acetate
Carbon Disulphide
Carbon Disulphide
Carbon Disulphide
Ethyl Alcohol
Carbon Disulphide
Carbon Disulphide
Methyl Alcohol
Methyl Alcohol
Carbon Disulphide
Acetone
Carbon Disulphide
Methyl Alcohol
40%32%
37%
85%
81%
73%
84%
53%
86%
91%
92%
40%
66%
66%
14%
19%
70%
55%
974%
21%,
Boiling Pt. -0C
58.3
68.2
54.2
56
54
50
51
74
38
42
45
75
39
39
56
54
40
56
46
56
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Table 4
Plasticizers
Triacetin B.P. 2580C
Good for vinyl resins and Cellulose.
Partial solvent for Ester Gum.
Tricresyl Phosphate B.P. 430 00
M.P. 1800
Very stable.
Good solvent for resins.
Not a good solvent for Cellulose.
Di-ethyl Phthalate B.P. 2900C
Good solvent for resins.
Good solvent for Cellulose.
Di-butyl Phthalate B.P. 325 C
low water accommodation
Very stable.
Good solvent for resins and Cellulose.
Di-amyl Phthalate B.P. 340OC
Perhaps better than Di-butyl Phthalate.
Benzyl Alcohol B.P. 205 C
Not permanent plasticizer.
Good solvent.
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APPEIBDIX II
Directions for Use of the Lacquer
1. Clean surface of structure. Finish with volatile solvent
such as benzol.
2. Allow cleaner to dry completely.
3. Apply lacquer with a clean, full-sized, long-haired brush.
Make single strokes with a full brush each stroke. Do not
"brush out.
4. After fifteen seconds or more, apply a second coat.
5. Lacquer two or more straight tension specimens.
6. Dry for at least twelve hours at constant temperature in range
70 - 75°F.
7. Test at same temperature as when drying. If trouble is ex-
perienced in maintaining cracks open after the load has been
released, drop the temperature 1 or 2F.
8. Use constant rate of loading.
9. Measure total load, time and location of areas where a full
crack pattern has just formed.
10. Test tvo straight tension specimens at different rates of load-
ing. Compute k' and S' for coating as shown on page .
11. Correct readings for plastic flow by Figure 8 and k' and I'.
12. Correct readings on thin sections, subjected to pure bending
or torsion, by Figure 10.
13. Compute strain concentrations as inverse ratio of corrected
loads necessary to form first full patterns of cracks.
14. Clean brush in benzol and finally in carbon disulphide. Do not
allow any other solventto get into the lacquer. Take it easy
with the carbon disulphide--it is both highly inflammable and
toxic.
